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Introduction
Reliable, efficient generation of high peak power, ultrashort laser pulses has allowed the exploitation of many new material phenomena and, in particular, is stimulating intensive research into nonlinear optical effects. Ultrafast all-optical switching devices will play an increasingly important role in modern optical communication systems where signals are transmitted at high speed and high-bit-rate. Nonlinear refraction which exploits third-order electronic polarization has a subpicosecond response time and is thus suitable for high speed switching. Silica optical fibers have been widely used for all-optical switching due to their low loss and long interaction length. However, the small nonlinear refractive index of silica, n 2 (~2.2×10 -20 m 2 /W) [1], requires high switching power and a very long length of fiber to achieve useful optical switching. Although many materials with higher nonlinear refractive index have been reported [2-6], there is a need to explore alternatives, particularly those compatible with planar processing technology, due to the rapid growth of planar devices such as wavelength division multiplexers and add-drop filters in advanced networks. To achieve compact low-power high-speed switching devices, a large nonlinear refractive index (n 2 ) is required. In addition, materials with minimal loss and absorption at the operating wavelength, a fast response, low toxicity with highly thermal and mechanical stability are preferred. Ta 2 O 5 has been widely used as gate material for microelectronic devices, due to its high dielectric constant [7] . The correspondingly high refractive index at optical frequencies offers great potential for making compact waveguide and photonic crystal devices with small effective area, enabling the exploitation of nonlinear effects at low power. The wide material bandgap and transparency over a broad spectral range [8] also avoids severe two-photon absorption (TPA), which limits the attainable nonlinear phase shift in most semiconductors. Moreover, its high laser damage threshold [9] further broadens its application particularly to devices employing ultrashort high-peak power optical pulses. Although Ta 2 O 5 is widely used for multilayer dielectric mirrors, there are no reports to our knowledge on its optical nonlinearity to date.
In this letter, we present an experimental measurement of the nonlinear refractive index in a Ta 2 O 5 rib waveguide, based on self-phase modulation (SPM) induced spectral broadening. The impact of group velocity dispersion (GVD) is also discussed in the femtosecond time of flight measurements.
Waveguide fabrication and experimental methods
The waveguide under investigation was fabricated by sputtering a 1 µ m thick Ta 2 O 5 film onto a Si wafer, on which a 2 µ m thick SiO 2 buffer layer had been grown. Photolithography and argon ion beam milling were then used to create rib waveguides in the Ta 2 O 5 with a width of 3µm and a depth of 1µm. The wafer was then cleaved into chips of 10mm length to allow endfire coupling of light.
A diode-pumped frequency-doubled Nd:YVO 4 laser, producing single frequency output at λ =532 nm, was used to pump a Ti-Sapphire laser which generated sub-150 femtosecond, linearly polarized, modelocked pulses at λ =800 nm with a repetition rate of 80 MHz. These pulses seeded a regenerative amplifier system (RegA) working at a 250 kHz repetition rate. Nearly transform-limited pulses with duration at full width half maximum of ∆ t FWHM =160 fs were obtained and end-fire launched into the rib waveguide using a microscope objective lens.
The light emerging from the waveguide was collected and directed into a high resolution spectrum analyzer without passing through any other optical components. The incident power was controlled by using calibrated neutral density filters and the modal intensity profile was monitored using a CCD camera to confirm single mode operation of the rib waveguide and to determine the modal spotsize. Due to the linear polarization of the Ti-Sapphire source, all our subsequent measurements reported here relate to the TE mode of propagation through the waveguide.
SPM induced spectra
Figure 1(a) shows the spectrum of the incident pulses from the regenerative amplifier, while Fig. 1(b-d) shows the observed spectral evolution of the transform-limited Gaussian pulse emerging from a 1-cm-long rib waveguide at various peak-coupled powers, taking account of a measured coupling loss of 18 dB. As the peak power in the waveguide was increased, the output spectrum broadened significantly, accompanied by the development of oscillatory structures with intense outermost peaks. This multipeak structure, arising from the interference of the chirped frequency components induced by SPM, is the signature of SPM spectra [10] and is clearly in evidence in Fig. 1 . To calculate the nonlinear refractive index, n 2 , a simplified theory which ignores the influence of GVD was employed as the lowest-order approach [10] . The SPM-induced frequency shift is a consequence of a temporally varying phase and can be expressed in terms of the intensity-dependent refractive index n 2 as 
where F(x,y) is the modal intensity distribution. Figure 2 shows the SPM-induced spectral bandwidth, δ λ , against the peak coupled power with a linear least-squares fit to the data points. Extrapolating the line to P=0, representing the bandwidth of the input pulse, yields an intercept value of 12±0.4 nm, which is in good agreement with the recorded input spectrum (δλ I =11.7±0.39 nm), as shown in Fig. 1(a) . The nonlinear refractive index, n 2 , was estimated from Eq. (3) , λ =800 nm and t p =160 fs. In this way, the intensity-dependent refractive index n 2 was found to be (7.23±0.36)×10
-19 m 2 /W, which is higher than silica glass (n 2 ∼2.2×10 -20 m 2 /W ) by more than one order of magnitude. Although the value is smaller than chalcogenide and sulfur based glasses [13] , Ta 2 O 5 has the advantages of wide transparency in the telecommunication window and low toxicity in fabrication process. We note that this simple analysis does not produce a realistic calculation of uncertainty limits, such as that of integration of the nonlinear Schrödinger equation for SPM might facilitate. The error bar in the estimation of n 2 here originated merely from an estimation of uncertainty in the effective area. However, we do not consider that such considerations will have any significant bearing upon the order of magnitude effects we calculate. 
Time of flight measurement
This value of n 2 was obtained under the assumption that the group velocity dispersion (GVD) has a negligible impact on the pulse shape. To ascertain the validity of this assumption, femtosecond time of flight measurement, based on a Kerr shutter configuration [14, 15] as shown in Fig. 3 , was used to investigate the GVD effect. The optical Kerr shutter was composed of a 1 mm thick SFL6 glass plate between two crossed polarizers. SFL6 glass has a high third-order nonlinear susceptibility which responses to the pump pulse almost instantaneously [16] . When a pump pulse (150 mW, λ =800nm, 160fs) is incident on the glass plate, a transient birefringence is induced, allowing the ultrabroadband white light continuum probe pulse (from 450 nm to 1100 nm) to pass through. In order to exclude the intense component at λ =800 nm, and prevent damage to the detector, a hot mirror was used to cut out wavelengths longer than 710nm. The time delay of the pump pulse was scanned, and the spectrum of the resultant gated signal at each time delay was analyzed on a spectrum analyzer and recorded. The time of flight for the fundamental waveguide mode was obtained by subtracting the delay when sample is absent from the measured delay time, to eliminate the system dispersion. Figure 4 (black line) shows the time of flight spectrum of the fundamental TE mode propagates through the rib waveguide. The curve was extrapolated to λ =850 nm using a polynomial fit. The dispersion parameter (D), obtained from the differentiation of the time of flight spectrum, was also plotted (blue line). From this figure, it should be noted that the dispersion is very small at λ =800 nm, where the SPM measurement was performed. The GVD (β 2 ) at λ =800nm was calculated from β 2 =(-Dλ 2 /2πc) and yield a value of 246 fs 2 /cm. This value results in a dispersion length L D =t p 2 /β 2 =104 cm, which is much larger than the sample length (L=1cm) indicating a negligible impact at λ =800nm. The hatched region shown in Fig.  4 is where the dispersion length L D >10 cm. It clearly shows that we are well within the region, where GVD has a negligible impact, with wide tolerance. This result confirms the validity of the simplified theory used for the estimation of the nonlinear refractive index. 
Conclusion
In conclusion, we have demonstrated the measurement of the nonlinear refractive index of a Ta 2 O 5 rib waveguide by directly monitoring the output spectra broadened by self phase modulation. Using a simplified theory which assumes that the group velocity dispersion has a negligible effect, the nonlinear refractive index was determined to be n 2 =(7.23±0.36)×10 order of magnitude. Femtosecond time of flight measurements based on a Kerr shutter configuration show that the group velocity dispersion has a negligible impact upon the spectral broadening within a 1-cm-long sample at λ =800nm, which confirms the validity and of the approximation used in the estimation. This large value of n 2 in Ta 2 O 5 , in conjunction with its high index and excellent compatibility with present silicon/silica processing technologies, makes it a promising candidate for compact, low-power, high-speed, and alloptical planar switching devices.
